Abstract. Laser desorption is an attractive technique for in situ sampling of organics on Mars given its relative simplicity. We demonstrate that under simulated Martian conditions (~2.5 Torr CO 2 ) laser desorption of neutral species (e.g., polycyclic aromatic hydrocarbons), followed by ionization with a simple ultraviolet light source such as a discharge lamp, offers an effective means of sampling organics for detection and identification with a mass spectrometer. An electrodynamic ion funnel is employed to provide efficient ion collection in the ambient Martian environment. This experimental methodology enables in situ sampling of Martian organics with minimal complexity and maximum flexibility.
Introduction

M
ars is well recognized in the NASA astrobiology roadmap as a prime target for astrobiological investigation [1] and is the recommended target for the next NASA flagship class mission in the most recent NRC Planetary Science Decadal Survey. Among the goals outlined in the roadmap is the detection and identification of organic molecules that could serve as evidence of extinct and/or extant life. Similarly, one the goals of NASA's Mars Exploration Program is to "determine if life ever arose on Mars" by "searching for telltale markers, or biosignatures, of current and past life" [2] . Much of this interest in Mars as a target for astrobiological exploration is rooted in the growing evidence for a past history of warm temperatures and abundant water as most recently determined by NASA's Mars Curiosity rover [3] .
We have recently demonstrated that an electrodynamic ion funnel enables sensitive mass spectrometric detection and analysis of elemental ions created at Martian atmosphere pressures [4] via high irradiance laser ablation. In this paper, we demonstrate that photoionization of neutrals desorbed by low irradiance laser irradiation can extend the capabilities of an ion funnel mass spectrometer system to include detection and identification of organic molecules in general and potential biomarker compounds in particular.
Recently, Getty et al. [5] demonstrated that pyrene can be detected using a miniature time-of-flight mass spectrometer by desorbing pyrene from a deposited film under vacuum with an IR laser (1064 nm) and photoionizing the neutrals with a UV laser (266 nm). We take a similar approach with two important distinctions. Here, we operate with the sample under a simulated Martian atmosphere of~2.5 Torr CO 2 [6] . This demonstrates that astrobiological analyses can be achieved on Mars under ambient conditions with minimal sample preparation or manipulation, thus drastically reducing measurement complexity. Secondly, we make use of a set of ultraviolet (UV) discharge lamps instead of a laser, augmented by the capability of an ion funnel operated at ambient Martian pressure for efficient collection of ions from a large volume. This eliminates the alignment and timing issues associated with ionizing desorbed neutrals with a second laser pulse. Again, such reductions in complexity are an important advantage when designing an experiment to be executed robotically on another planet. An additional capability provided by this experimental methodology is the ability to scan the laser to examine the spatial distribution of organics.
Experimental
Experiments were conducted using the laser desorption Mars atmospheric pressure ionization (LD-MAPI) test bed depicted schematically in Figure 1 . Samples were inserted through a load-lock mechanism into a sampling chamber that was interfaced with a Corsair API-TOF (Analytica of Branford Inc., Branford, CT, USA), which was originally configured as an electrospray ionization (ESI) instrument. The sampling chamber was pumped and back-filled with CO 2 to about 2.5 Torr to simulate the Martian atmosphere. A pulsed Nd:YAG laser was focused onto the sample through a silica window, and the desorbed species were subsequently illuminated by a UV discharge lamp through a MgF 2 window. A repeller biased to approximately +200 V with respect to the first funnel electrode directed photoionized species toward the inlet of the ion funnel. The ion funnel, described in detail by Johnson et al. [4] , then focused the ions through a conductance limiting aperture into the second stage of differential pumping. Here, a custom quadrupole ion guide passed the ions into the third pumping volume, where a hexapole ion guide and Einzel lens injected ions into an orthogonal extraction pulsing unit of a reflectron time-offlight (TOF) mass spectrometer.
Mass spectra were collected with the laser in repetitive pulse mode (10 Hz). The variation in initial ion energies, initial directions, and trajectories through the funnel created an essentially continuous ion beam through the system so that there were no issues with synchronizing the desorption pulses with the timing of the orthogonal extraction pulsing. Therefore, spectra could be collected using the Corsair API-TOF control software, which pulsed the orthogonal extractor at 1 Hz. Collected spectra were averaged to improve statistics as required.
The hexapole ion guide in the Corsair API-TOF has the ability of using a 'Trap-Pulse' mode of operation where ions can be accumulated within the guide before being passed on to the orthogonal extraction pulsing unit. Tuning the trapping parameters increased signal strength in the low m/z ranges appropriate to this work. The mass resolution is approximately 2000 (FWHM) across the m/z range of these experiments.
The desorbing laser was a 1064 nm Nd:YAG laser (Spectra Physics Quanta Ray INDI-30) operating in a non-Q-switched mode at 10 Hz. In this so-called "long pulse mode," the Pockels cell is triggered with a long high voltage pulse at the moment the flash lamp fires resulting in a long optical pulse of~200 μs, thus significantly reducing the irradiance. Experiments were conducted with pulses set at fixed energies between 30 and 300 mJ per pulse. Pulses were focused to a spot of approximately 350 μm in diameter. This corresponds to irradiance values ranging from 0.2 to 2 × 10 6 W/cm 2 . Of note, operating the Nd:YAG without the Qswitch is advantageous in terms of simplifying instrumentation for an in situ Mars implementation of this experimental methodology.
The UV lamps used to photoionize desorbed neutrals in the present work were all microwave excited discharge lamps from Opthos Instruments, Inc (Rockville, MD, USA). These included Ar, Kr, and Xe high-pressure continuum lamps and a Hg resonance lamp. Spectra of the lamp outputs were acquired with a scanning VUV spectrophotometer (Acton VM-502, Princeton Instruments, Acton Optics and Coatings, Acton, MA, USA) equipped with a PMT detector are presented in Supplementary Figure S1 .
The LD-MAPI test bed instrument was calibrated by ablating a CsBr sample with the laser in Q-switched mode. 
Sample Preparation
Films of various organics were prepared by depositing a drop of a solution containing the species in question on a goldcoated stainless steel sample tip. In all cases, the organics studied here were dissolved in toluene. In the case of the less soluble compounds (i.e., coronene, pyrene, and 1,10-phenanthroline) saturated solutions were prepared while 0.084 and 0.075 M concentrations of anthracene and oterphenyl were prepared, respectively. After deposition on the sample tip, the toluene was allowed to evaporate, leaving a film of the solute species. A mixed sample of these polycyclic aromatic hydrocarbons (PAHs) was created by combining 200 μL of each of the above solutions. Again, the resulting solution was spotted on a sample tip and allowed to dry.
In addition to films of pure organics, we examined samples of organic doped CaSO 4 •2H 2 O and KCl to investigate ionization of organics from a gypsum analog and in pure salt matrices. In both cases, measured weights of a given organic compound and either CaSO 4 •2H 2 O or KCl were ground together with a mortar and pestle. The resulting fine, wellmixed powders were then packed into 1/8-inch diameter holes drilled in the end of the sample tips forming a 'pressed pellet'. Homogeneity of the powders was checked by visual examination of their fluorescence under an ultraviolet lamp (i.e., a 'black light'). KCl samples doped with either anthracene, coronene, pyrene, 1,10-phenanthroline, or o-terphenyl were studied, while CaSO 4 samples included either arginine, coronene, chrysene, phenanthrene, or pyrene. A further CaSO 4 sample was created which included 0.1% chrysene and between 1.3% and 2.6% Mg(ClO 4 ) 2 . Again, measured weights of each component were ground together with a mortar and pestle. These experiments were designed to investigate the possibility of oxidation by perchlorates known to be present on the surface of Mars [7] . All experiments were conducted at ambient laboratory temperature (298 K). On Mars, ambient surface temperatures range from 130 to 308 K with a mean surface temperature of 210 K. Table 1 lists the compounds studied along with physical properties relevant to the following discussion.
Results and Discussion
Because of the possibility of laser induced ionization, it was important to verify that UV photoionization of laser desorbed neutrals was occurring under our experimental conditions. To do so, a sample of 0.1% chrysene in CaSO 4 was interrogated under the following series of conditions. Specifically, spectra were recorded with the Kr lamp on (no laser), with the lamp on and laser firing, with only the laser firing (no lamp), and with neither lamp nor laser. Figure 2 shows the ion intensity of the chrysene m/z = 228.13 peak as a function of time under each of the above conditions. By far the highest ion intensity occurs during the period of time when both the lamp and laser were on. Examination of the spectra while only the laser was on showed that the increase in intensity of the m/z = 228.13 signal compared with when only the lamp was on was due to nonspecific background ions and not chrysene. When both the laser and lamp were off, there was no mechanism for ionization and no background ions were observed. The signal seen in Figure 2 corresponding to this condition was the result of detector noise. These results confirm that the laser power is sufficient to desorb neutral chrysene with no significant ionization. It further confirms that photoionization is a result of UV photons from the Kr lamp. Figure 3 shows spectra of coronene and o-terphenyl films, respectively. These were chosen as representative of how the PAHs studied were ionized (see Figure 3 and the discussion below). The figure includes a spectrum acquired with the desorbing laser and each of the Ar, Kr, Xe, and Hg lamps. Also included in the figure is a spectrum taken with the Xe lamp but with no desorbing laser. Spectra have been offset vertically for clarity. Figure 3 shows very little variation in the spectra of coronene taken with the different lamps. There is some variation in the overall intensity, but not significant enough to establish one lamp as being superior, especially considering other variables such as laser pointing, focus, and sample uniformity. The vertical dotted line at m/z = 300.09 on the figure corresponds to C 24 H 12 + , which is the dominant peak in all spectra. This corresponds to a coronene molecule containing only 12 C isotopes with a photodetached electron. The peaks at m/z = 301.12, 302.16 and 303.20 correspond to what is expected given the natural abundance of 13 C (see Table 2 ). The lack of peaks in the "lamp only" spectrum indicates that coronene is not volatile enough at laboratory temperatures in the simulated Martian atmosphere to enter the gas phase without the desorbing laser.
The ionization potential of coronene is 7.29 eV (see Table 1 ). However, as shown in Supplementary Figure S1 , only the Ar, Kr, and Xe lamps output photons with this energy or more. Therefore, some mechanism other than single photon ionization must be occurring in the case of the Hg lamp, which emits at 4.88 eV (254 nm) and 6.74 eV (184 nm). One possibility is that the molecule is excited to a long-lived excited state, which in turn absorbs a second photon leading to ionization. Such sequential photon ionization of aromatic molecules using a Hg arc lamp has been previously demonstrated by Kelsall and Andrews [8] . A second possibility is that the coronene molecules are being desorbed in clusters by the laser pulse as observed by Beitz et al. [9] . If clusters are present, adjacent coronene units are expected to lower the ionization potential of the clusters as a result of exitonic resonance [10] , thus enabling single photon ionization by the Hg lamp.
Another interesting observation in Figure 3 is the presence of features at m/z = 299.14 and 298.15, corresponding to the loss of 1 or 2 H atoms, respectively. Ekern et al. [11] have inferred that PAHs are inherently unstable to photolysis and have demonstrated complete photon-induced dehydrogenation of coronene exposed to broadband UV/ visible radiation. Further, they show that the degree of dehydrogenation is directly dependent on the irradiation 
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a Reference [18] . b Reference [19] . c Reference [20] . , which are formed by the loss of an electron and protonation, respectively. The electron detachment peak dominates the continuum lamp spectra (Ar, Kr, and Xe) whereas protonation dominates the Hg (resonant) lamp spectrum. Of the continuum lamps, the Xe lamp has the longest wavelength emission (lowest photon energy) and produces the largest protonated peak. Since the bulk of the Hg lamp output is at 254 nm (4.88 eV), this suggests that the protonation mechanism is meditated by the longer wavelength photons. Similar behavior was observed for anthracene, pyrene, and 1,10-phenanthroline.
Again, the work of Beitz et al. [9] suggests that clusters are formed during the laser desorption process. Once clusters are formed in the gas phase, proton transfer may take place within the cluster followed by cluster dissociation. This could account for the observed protonated features.
Of particular interest in the case of o-terphenyl (see Figure 3 ) is the strong peak observed at m/z = 229.15, corresponding to H-atom loss, which is seen in the Ar, Kr, and Xe lamp spectra, but not the Hg lamp spectra. Corresponding peaks were not observed in spectra of the other PAHs with strong protonated peaks (i.e., anthracene, pyrene, and 1,10-phenanthroline). The absence of this peak from the other PAHs combined with the structure of o-terphenyl (see Table 1 ) suggests that the peak results from a ring closure to form protonated triphenylene (monoisotopic mass of tryphenylene is 228.09 Da). This process requires 9.51 eV making it only accessible via the Ar, Kr, and Xe lamps as observed. Figure 4 shows two spectra of a mixed PAH film containing anthracene, 1,10-phenanthroline, pyrene, oterphenyl, and coronene acquired using the Kr and Hg lamps, respectively. Dotted vertical lines indicate the m/z values corresponding to the molecular ions of the above species created by loss of an electron. All species in the film are clearly detected.
To investigate the effects of salts on the desorption/ ionization process, samples of individual PAHs were mixed in pressed pellets of KCl. Figure 5 shows spectra of 0.01% coronene in KCl and 0.005% pyrene in KCl, respectively. The figure shown represents a rough detection limit for these compounds in KCl, based on a series of dilution experiments. Pyrene was sufficiently volatile to be detected without the desorbing laser as indicated by the bottom trace of the bottom panel in Figure 5 . Again, detection of coronene required the use of the desorbing laser. Figure 4 . Spectra of PAH films containing anthracene, 1,10-phenanthroline, pyrene, o-terphenyl, and coronene using Kr and Hg lamps. Spectra have been offset vertically for clarity
The concentration of aromatic organics on the Martian surface is unknown, and none have been detected to date. However, meteoritic in-fall is expected to contribute 2.4 × 10 6 kg of unaltered carbon each year [12] based on scaling of the interplanetary dust (IDP) flux at Earth to Mars. After accreting for 3.5-3.7 Ga and mixing through a severalmeter-thick active aeolian regime, this results in concentrations of~400 ppm [13, 14] . Yen et al. [14] used correlations between nickel and other elements measured by the Alpha Particle X-ray Spectrometers (APXS) on the Mars Exploration Rovers to constrain the quantity of meteoritic material on Mars. Assuming a chondritic composition of the influx, they estimate the concentration of delivered carbon to be on the order of 300-1000 ppm in the upper few meters of the regolith [14] . This did not account for loss of carbon containing molecules through pyrolysis to CO 2 during entry/impact. Further, any organics on the surface are expected to oxidize rapidly, so these numbers represent an upper limit of organic concentration due to meteoritic in-fall. However, Benner et al. [15] suggest that oxidation of organic compounds expected to be delivered to Mars by meteorites should result in metastable intermediates such as nonvolatile salts of benzenecarboxylic acids, and perhaps oxalic and acetic acid.
Our current estimate of the limits of detection for the laser desorption-UV photoionization methods described here are Figure 5 . Spectra of 0.01% coronene in KCl and 0.005% pyrene in KCl using a Kr lamp with and without a desorbing laser (top and bottom traces of each panel respectively) are shown in the left and right panels, respectively. Spectra have been offset vertically for clarity on the order of 50 ppm. This is an upper limit on the limits of detection set by interrogating samples of coronene in KCl and pyrene in KCl over a range of prepared concentrations. Fifty ppm corresponds to the lowest concentration tested that resulted in unambiguous detection. However, improvements to the detection limit are possible. For example, using an increased flux of ionizing UV would improve ion yields. Improving experimental geometries by moving samples and light sources closer to the mouth of the funnel may also improve detection limits. Figure 6 shows the spectrum of a 0.1% chrysene in CaSO 4 sample taken using the Kr lamp, clearly indicating the detection of the chrysene molecular ion. The figure also shows the spectrum of 0.1% chrysene in CaSO 4 with 1.3% magnesium perchlorate, also taken with the Kr lamp. Again, the molecular chrysene ion is clearly detected, indicating no interference from the presence of magnesium perchlorate at the levels found on Mars. Similar results were seen with coronene, phenanthrene, and pyrene. Perchlorate is thought to be ubiquitous on the surface of Mars, and has important implications for in situ instruments designed to look for organic molecules [16] . Perchlorate decomposition in instruments that heat Martian soils to above the perchlorate decomposition temperature could result in the destructive oxidation and chlorination of organics, masking their signature. This effect was noted by Navarro-Gonzalez et al. [17] in their analysis of organic-containing Mars analog soils that had been mixed with perchlorate and subjected to thermal volatilization-gas chromatography-mass spectrometry. The technique we describe here appears immune to the complications of perchlorate-containing samples, most likely due to the rapid desorption into a low pressure environment.
Conclusion
We have shown that UV photoionization of neutrals desorbed by a low power 1064 nm laser is an effective means of in situ sampling of organics under simulated Mars atmospheric conditions. This approach to Martian organic molecule detection has the potential to provide significant benefits for any in situ Martian astrobiology mission. In conjunction with an ion funnel augmented mass spectrometer, this technique would greatly reduce the complexity of direct, accurate, and rapid detection and identification of organic molecules by desorbing, ionizing, transporting, and focusing these compounds within the ambient Martian atmosphere. Of particular importance, the reduced pressure requirements of the ion funnel are well matched with the low ambient pressure on the Martian surface. This ability would allow for the analyses to proceed with high sensitivity, minimal sample manipulation/preparation, and without any upper bound on sample size. Finally, these results indicate this technique is immune to the presence of perchlorates, which are thought to be ubiquitous in Martian soils. 
